The effects of hypoxaemia on regional cerebral blood flow (CBP) and brain cortical metabolite concentrations were investigated at different blood glucose concentrations in rats under nitrous oxide anaesthesia. Tissue hypoxia of IS-min duration was induced by a combination of arterial hypoxaemia, hypotension, and clamping of the right carotid artery. Blood glu cose concentrations were manipulated by varying the food intake in the 24 h before the experiment, and by glucose administration. Cortical CBP doubled during hypoxia on the intact side, but did not differ significantly from control values on the clamped side. In the clamped hemisphere there was a substantial decrease in adenylate energy charge. At brain tissue glucose concentrations of 1 /Lmol g-I and above, there was an inverse correlation between adenylate energy charge and brain lactate concentration. In starved animals with mean brain glucose of 0.32 ± 0.00 /Lmol g-l, lactate concentration was significantly lower, in spite of equally severe disruption of energy state. Recovery of brain adenylate energy charge was worse in fed and glucose-infused groups than in the fasted group. These results demonstrate that limitation of substrate supply during severe hypoxia in the rat allows enhanced recovery of brain energy metabolism following the hypoxic episode.
. (See also Myers, 1976 Myers, , 1979 .) These authors showed that when complete cerebral isch emia of 14-min duration was induced in food deprived monkeys, the animals survived and suf fered no or only minimal brain damage. However, fed animals or those that were infused with glucose prior to induction of ischemia developed seizures in the postischemic period, and all subsequently died showing signs of gross histologic damage. On the basis of these and other results, the authors con cluded that the nutritional state, notably the blood glucose concentration, has a marked influence on recovery following ischemia, and speculated that tissue lactic acid levels in excess of 25 I-Lmol g-l are detrimental. Earlier observations by Salford and Siesjo (1974) lend some support to this view. In a modified Levine model, these authors found an in verse relationship between brain tissue lactate and adenylate energy charge at lactate levels exceeding 25 /Lmol g-l.
Myers' results have been corroborated by other workers studying either functional or metabolic re covery following complete or severe incomplete ischemia (Siemkowicz and Hansen, 1978; Welsh et aI., 1980; Rehncrona et aI., 1980 Rehncrona et aI., , 1981 , or struc tural changes at the light or electron microscopic level (Kalimo et aI., 1981) . Furthermore, as judged by metabolic restitution following 30 min of isch emia in the rat, recovery was found to be adversely affected when tissue lactic acid levels exceeded 20-25 /Lmol g-l (Rehncrona et aI., 1980 (Rehncrona et aI., , 1981 . During complete ischemia, the quantity of lactic acid generated depends on the initial tissue concen trations of glycogen and glucose (Ljunggren et aI., 1974) . Since the latter can be raised by hypergly cemia, animals that are fed or infused with glucose develop a more severe lactic acidosis than those that are food-deprived. However, an even more excessive lactic acidosis is observed if a trickle of blood flow (' 'incomplete ischemia") supplies addi tional glucose to the tissue; in fact, this difference can explain why metabolic recovery is better fol lowing complete than following severe incomplete ischemia (Rehncrona et aI., 1980 (Rehncrona et aI., , 1981 .
It is well established that anaerobic glycolysis is accelerated also when oxygen delivery to the brain is curtailed by hypoxaemia (Gurdjian et aI., 1944; Siesjo and Nilsson, 1971; Duffy et aI., 1972; Nor berg and Siesj6, 1975) and, if the increase in cere bral blood flow is curtailed by concomitant hypotension or by unilateral carotid artery ligation, large quantities of lactic acid may accumulate (Siesjo and Nilsson, 1971; Salford et aI., 1973; Sal ford and Siesjo, 1974) . Myers and Yamaguchi (1976) have shown progressive accumulation of lactate in the brains of monkeys during exposure to marked hypoxia (3.5% O2 breathing for 25 min), and ob served edema and tissue destruction when tissue lactate concentrations exceeded 25 /Lmol g-l. No observations were made, however, on the effects of this degree of hypoxia at different blood glucose levels. A previous study of the influence of blood glucose concentration on the cerebral metabolic re sponse to hypoxia has shown that a blood glucose concentration of 3 /Lmol g-l is sufficient to cover cerebral energy requirements in rats exposed to hypoxaemia (Pao2, 25-30 mm Hg) for 30 min J Cereb Blood Flow Metabol, Vol. 2, Nu. 4, 1982 (Berntman and Siesjo, 1978) , but information is lacking on the influence of variations of blood glu cose concentrations at more severe degrees of hypoxia.
The present experiments were designed to deter mine the effect of alterations in blood glucose con centration on brain lactate accumulation in rats subjected to a combination of hypoxaemia and re stricted cerebral hyperaemia, and to compare the degree of recovery of brain energy metabolism in animals subjected to comparable degrees of brain oxygen deprivation at various blood glucose con centrations. The aim of the study was to determine whether limitation of glucose supply to the hypoxic brain significantly alters its response to, and sub sequent recovery from, moderate and severe hypoxia.
MATERIALS AND METHODS

Animals and Operative and Sampling Techniques
The experiments were performed on male rats (300-400 g) of an SPF Wistar strain (Mqlllegaard, Copenhagen) . Anaesthesia was induced with 3% halothane. The animals were tracheotomized, im mobilised with tubocurarine chloride (0.5 mg kg-I, i. v.) and artificially ventilated with 0.7% halothane, 70% N20, and 30% O2 during operative preparation. Both femoral arteries and one femoral vein were cannulated for continuous blood pressure record ing, blood sampling, and for infusions. The right common carotid artery was dissected free in the neck, separated from the cervical sympathetic and the vagus nerves, and isolated with a loose ligature to permit later occlusion with a rubber-coated clamp. The skull bone was exposed through a skin incision to allow freezing of tissue in situ (Ponten et aI., 1973) . The EEG from each hemisphere was continuously recorded by means of electrodes at tached to screws placed symmetrically in the skull over the parietal area. Body temperature was maintained close to 37°C by external heating. Blood was sampled directly into liquid nitrogen for metab olite measurements. Heparin (100 IU) was given to all animals. At completion of the operation, halothane was discontinued and artificial ventilation with 70% N20 and 30% O2 continued to maintain a steady-state period of normocapnia and normoxia for about 30 min before commencement of the ex periment.
Experimental Procedures
After completion of the steady-state period, a clamp was applied to the right common carotid ar tery. Blood was withdrawn from one femoral artery to reduce the mean arterial blood pressure (MABP) to 90 mm Hg and the oxygen flow was simulta neously reduced by nitrogen admixture. The MABP was then maintained in the range of 80 mm Hg-lOO mm Hg by servo-controlled withdrawal or transfu sion of blood. Arterial samples were drawn at 5 min after carotid occlusion and at the end of the hypoxic period for measurement of metabolites and blood gases. Sodium bicarbonate was infused at a con stant rate throughout the period of hypoxia. Hypoxia was continued until an isoelectric EEG had been recorded from the clamped hemisphere for about 15 min.
At the end of the isoelectric, hypoxic periods (5 min for CBF and 15 min for metabolite analyses), either measurements were made of local cerebral blood flow (CBF) (8 animals) or the brain was fro zen in situ for metabolite estimations (23 animals). Alternatively, normoxia and normotension were re stored for a period of 30 min and the brain then frozen in situ for metabolite estimations (18 animals).
Within each experimental category, animals were examined with different blood glucose concentra tions prevailing during the hypoxic period. To achieve this, animals were either allowed free ac cess to rat pellets up to the time of operation ("fed animals") or allowed only water for 24 h before operations ("fasted animals"). Administration of glucose in fasted animals was used to achieve blood glucose concentrations comparable to, and higher than, those in "fed" animals. In two groups used for metabolite measurements (hypoxia and recov ery), the animals were made hyperglycemic by i.p. administration of 0.5 ml of a 50% glucose solution at the end of the operative procedures, followed by i.v. infusion of a solution made up of 1.5 ml 0.6 M NaHC03 and 0.5 ml 50% glucose. The infusion was started at the induction of hypoxia and continued at a rate of 4 ml h-1. A similar injection-infusion scheme was used in animals employed for CBF measurements. In one additional group used for metabolite measurements at the end of the hypoxic period, excessive hyperglycemia was induced by i.p. administration of 3 ml of the 50% glucose solu tion.
Control animals were kept artificially ventilated for periods corresponding to the duration of the ex periments. Anaesthesia, operative, and sampling techniques were the same as in the experimental groups.
Methods and Analytical Techniques
Arterial Po2, Pco2 and pH were measured at 37°C with microelectrodes, with appropriate corrections for any deviation of body temperature.
Brains were chiselled out at liquid nitrogen tem perature and stored at -80°C until analysis. Metab olite concentrations were measured in parietal cor tical tissue from each cerebral hemisphere. For measuring metabolite concentrations, samples were deproteinised in HCI-methanol at -22°C. Follow ing further extraction with perchloric acid (at O°C), centrifugation, and neutralisation, metabolites were measured with the enzymatic fluorometric tech niques of Lowry and Passonneau (1972) . (For ana lytical details, see Folbergrova et aI. , 1972a,b .) The following metabolites were analysed in tissue sam ples: phosphocreatine (PCr), ATP, ADP, AMP, glycogen, glucose, lactate, and pyruvate. Glucose, lactate, and pyruvate were measured in blood using similar techniques.
In the animals used for flow measurements, we measured local CBF by an autoradiographic tech nique using [14C]iodoantipyrine as the tracer (Sakurada et aI., 1978) . In order to obtain a "weighted" mean value, at least 10 readings were made from the cortical areas with a micro den sitometer having an aperture of 1 mm. (See Dahlgren et aI., 1981.) 
Calculations
Statistical differences were calculated using Stu dent's t test.
RESULTS
Cerebral Blood Flow
Local CBF was measured in six control animals and at the end of a 5-min hypoxic period in eight experimental animals. Two experimental groups were examined, consisting of starved animals (four) and starved, glucose-infused animals (four). Values for physiological variables in these groups are (closed circles) are shown. In spite of the reduction in MABP, CBF increased appreciably in the intact hemisphere; this increase was moderate in frontal but marked in sensorimotor and parietal cortex. As expected, CBF was reduced in the clamped hemi sphere. In parietal cortex, CBF was significantly reduced below control (p < 0.05). However, the overall mean flow in these three regions (which in clude the area used for brain tissue metabolite con centration measurements in the other experimental groups) was not significantly different from control on the clamped side (1.34 ± 0.16 compared to 1.67 ± 0.20 ml g-I min-I).
The prevailing blood glucose concentration had no observable influence on CBF in either hemi sphere. Table 2 shows body temperature, MABP, arterial Po2, Pco2, and pH in each experimental group, and the mean duration of isoelectricity of the EEG re corded from the right hemisphere during hypoxia. All groups had arterial P02 values around 20 mm Hg during hypoxia, and all but one had blood pressures around 90 mm Hg. In the animals with excessive hyperglycemia (bottom line) plasma acidosis was al ready present before hypoxia was induced, and blood pressure fell during the hypoxic exposure. Control animals had values for physiological vari ables similar to those recorded before hypoxia in groups 1 -3 (data not shown).
Metabolite Changes During Hypoxia
Blood concentrations of glucose, lactate, and py ruvate measured before and during hypoxia are shown in Table 3 . In fasted animals not infused with glucose, the blood glucose concentration decreased during hypoxia. Blood glucose concentration during hypoxia in fed animals and in fasted, glucose infused animals was significantly higher than in fasted animals, and, in the second of the glucose infused groups, excessive hyperglycemia prevailed. Blood lactate concentration increased to about 8 �mol g-l after 5 min of hypoxia, and had increased further to about 15 /Lmol g--l at the end of the hypoxic period in all groups. pyruvate ratio in cerebral cortex from control and experimental animals are shown in Table 4 . In the intact (left) hemisphere, hypoxia was as sociated with the expected small, but statistically significant, reduction in adenylate energy charge. The degree of reduction was similar in the first three groups and slightly more pronounced in the second of the glucose-infused groups. Brain glucose con centration was reduced to a mean of 1.16 ± 0.22 jLmol g-l in the fasted group, and the brain lactate concentration was increased to an overall mean value of 12.76 ± 0.93 jLmol g-l. At this moderate degree of brain tissue hypoxia, glucose supply was not a rate-limiting factor for anaerobic glycolysis, and brain lactate concentration did not vary with blood glucose concentration_
In the clamped (right) hemisphere, hypoxia was associated with a substantial reduction in the adenylate energy charge, to an overall mean value of 0_515 ± 0.086. The level attained was closely comparable in the fasted and fed groups (0.534 ± 0.113 and 0.480 ± 0.082), but mean values both higher and lower than these occurred in the fasted, glucose-infused groups. The mean brain lactate concentration was significantly higher in the fed and fasted, glucose-infused groups than in the fasted group (27.48 ± 2.54 compared to 17.68 ± 1.39 jLmol g-l, p < 0.001).
As tion in the tissue lactate concentrations attained in the "high-glucose" groups (2-4). This proved to be due to variations in energy state. Thus, as Fig. 2 demonstrates, there was an inverse correlation between adenylate energy charge and brain lactate concentration at brain tissue glucose concentrations of 0.97 tLmol g�l and above (r = 0.933; p < 0.001).
In three starved animals with a mean brain glucose concentration of 0.32 ± 0.00 tLmol g�l, and adeny late energy charge of 0.292 ± 0.010, the brain lac tate concentration was 18.51 ± 0.83 tLmol g�l. This was significantly lower than the mean brain lactate concentration of 34.37 ± 0.98 tLmol g�l found in a group of five animals (two fed and three starved, glucose-infused), with a comparable adenylate energy charge of 0.289 ± 0.25 and mean brain glu cose concentration of 4.26 ± 1.08 tLmol g�l; p < 0.001.
Metabolite Changes During Recovery
Physiological variables measured in recovery animals are shown in Table 5 . Since the values ob tained in the prehypoxic period were identical to those of the comparable nonrecovery groups (see Table 2 ), only values recorded during hypoxia and recovery are shown. A comparison with Table 2 shows that physiolgical variables as well as duration of "isoelectric" EEG were similar in the two series. As observed, MABP as well as arterial P02 and Pco2 normalized, and pH was close to control after 30 min of recovery.
Blood metabolite concentrations are given in Table 6 . Values recorded before and during hypoxia were similar to those obtained in the nonrecovery groups (see Table 3 ). In the fed and glucose-infused groups, hyperglycemia persisted in the recovery pe riod. After 30 min, recovery blood lactate concen tration had fallen, but was still raised above the pre hypoxic values (6.49 ± 0.59 tLmol g�l compared to 1.68 ± 0.28 tLmol g�l).
In the intact hemisphere, metabolites (Table 7) were close to control values, indicating that the moderate metabolic perturbation observed during hy poxia was fully reversible. Thus, the small lingering elevation of tissue lactate levels was probably due to insufficient time for recovery (see also persisting elevation of blood lactate concentrations, Table 6 ).
At the end of 30 min of recovery, mean adenylate energy charge in the fed and glucose-infused groups was significantly lower than that in the fasted group (0.777 ± 0.076 and 0.756 ± 0.043 compared to 0.921 ± 0.007; p < 0.1 and p < 0.01, respectively). There was considerable scatter in recovery values in the hyperglycemic groups (Fig. 3) , which presumably reflects a scatter in the degree of energy disruption prevailing at the end of the hypoxic period. An in verse correlation was found between energy charge and lactate concentration. Brain lactate concentra tion in the fed and glucose-infused groups was still significantly raised at the end of the recovery pe riod, to an overall mean of 19.0 ± 2.9 tLmol g�l.
DISCUSSION
The present hypoxic model allows two grades of severity of hypoxic insult to the brain to be studied Values are means ± SEM. simultaneously. The measurements of regional CBF demonstrate that even on the clamped side, cortical flow in the relevant areas is not reduced below nor mal during hypoxaemia. The model is therefore one of "restricted hyperaemia" rather than ischaemia as conventionally defined, The considerable scatter in CBF values observed on the clamped side is pre sumably, at least in part, a reflection of the variable flow conducted via the circle of Willis. In contrast to the observations of Kogure et al. (1970) , blood glucose concentration had no apparent effect on CBF during hypoxia. In the intact hemisphere, the expected minor de rangement of adenylate energy charge occurred (cf. Salford et aI., 1973; Salford and Siesjo, 1974) . There was no significant difference between brain tissue lactate concentrations during hypoxia at the various blood glucose concentrations examined. Clearly, at this moderate degree of tissue hypoxia, glucose supply was not a rate-limiting factor for anaerobic glycolysis. Near-complete recovery of brain energy status had occurred by 30 min in all groups.
In contrast, there was a substantial derangement of brain energy metabolism in the clamped hemi sphere. The mean adenyl ate energy charge was re duced by a comparable amount in all four groups, but the mean brain lactate concentration was sig nificantly lower in the starved (normoglycemic) animals. The highly significant, negative linear cor relation between individual values of adenylate energy charge and brain lactate concentration at brain glucose concentrations above about 1.0 p,mol g-l presumably reflects the mutual dependence of these variables on the severity of the hypoxic insult. Thus, the amount of lactate accumulated did not relate to the prevailing blood glucose concentration but rather to the reduction in adenylate energy charge. However, at a mean brain tissue glucose concentration of 0.32 p,mol g-l (blood glucose con centrations 3.0-3.9 p,mol g-l), brain lactate con centration did not increase above 20 p,mol g-l, even at a corresponding mean adenylate energy charge of 0.292 ± 0.010. This was observed in three starved, normoglycemic animals, and indicates that sub strate supply to the hypoxic brain may limit the de gree of tissue lactate accumulation. Figure 2 also shows that in only one of six starved animals did the tissue lactate concentration exceed 20 p,mol g-l, and that animal had the highest blood glucose con centration (4.4 p,mol g-l).
Interpretation of the results observed after 30 min of recovery requires certain assumptions concern ing the cerebral state at the end of the hypoxic pe riod. Direct measurements of brain metabolism during hypoxia in the same animals were, of course, impossible. The experimental conditions, however, were identical to those in the groups examined at the end of the hypoxic period. Thus, it is reasonable to conclude that comparable levels of lactate ac cumulation and of energy disruption occurred, and that the degree of energy disruption was similar in all groups, whereas mean brain lactate concentra tion was significantly higher in the fed and glucose-infused groups. Recovery of brain energy metabolism was significantly poorer in the latter groups, and this was associated with a marked lin gering lactic acidosis. It seems likely that this poor recovery was a result of excessive accumulation of lactate, although the mechanism of this effect must remain a matter for speculation.
In conclusion, these results demonstrate that, in the severely hypoxic rat, brain substrate supply may be a limiting factor fore.anaerobic glycolysis at blood glucose concentrations in the range of 3 -6 mM, and suggest that the resulting limitation of cerebral lac tate accumulation may allow enhanced recovery of brain energy metabolism in the immediate post hypoxic period.
